Abstract: 2,3-Bis(undecyl)succinic acid, succinic acid type Gemini surfactant, was successfully synthesized from Corynomicolic acid by the functional interconversion of OH of Corynomicolic acid to COOH via (1) mesylation of OH of syn-isomer, (2) elimination of methanesulfonate group using base to E-a,bunsaturated ester, (3) Michael addition of CN -with 18-crown-6 and (4) hydrolysis. In most hydrolysis conditions, a mixture of syn-and anti-2,3-bis(undecyl)succinic acid was obtained, but hydrolysis in 75% H 2 SO 4 gave only anti-2,3-bis(undecyl)succinic anhydride. After converting a mixture of syn-and anti-2,3-bis(undecyl)succinic acids to corresponding acid anhydrides, syn-and anti-anhydride isomers were separated by column chromatography, and by following hydrolysis syn-and anti-2,3-bis(undecyl)succinic acid was selectively prepared. Based on the surface tension measurement, the effect of stereochemistry on surface tension isotherms was discussed in terms of the hydrophobic interaction between two alkyl groups and the electrostatic repulsion between two hydrophilic COO -groups.
INTRODUCTION
A new class of surfactants made up of two identical or different amphiphilic moieties having the structure of conventional (monomeric) surfactants connected by a spacer group at the level of, or in close vicinity to, the head groups is called Gemini surfactants 1) . Gemini surfactants have been attracting a great deal of interest because they show higher efficiency in decreasing the surface tension of water than the corresponding monomeric surfactants to achieve one to two orders of magnitude lower cmc's and smaller surface tensions at their cmc's (g cmc ) than for the corresponding monomeric surfactants. As a result, they increase wetting, promote emulsification of oil in water, enhance dispersion of solids, and possess a high foaming stability. They can also show better solubilizing properties, strong tolerance to multivalent metal ions, stronger antimicrobial ability, and good mildness to skin, safe ecology, and environmental control. Therefore, a variety of Gemini surfactants including anionic, cationic, zwitterionic, and nonionic types have been developed 2) .
By the way, when turning to the biosurfactants, some lipid fraction of lipopolysaccharides of plant-associated bacterium have been shown to contain surfactants that have a Gemini-type structure 3) . Especially, several papers reported "bilayer bridging" of the lipids with very long hydrophobic spacers isolated from the thermophilic archaebacteria 4) , which emphasizes the importance of Gemini surfactants in biological areas. Similarly, hydrocarbon assimilating bacterium, Mycobacterium, has been known to produce Corynomicolic acids, which were firstly isolated as trehalose diester 5) . Corynomicolic acids have the structure that two identical or different hydrophobic alkyl groups and two hydrophilic OH and COOH groups exist on the adjacent carbon atoms, which is reminiscent of that of Gemini surfactants.
In preceding papers 6, 7) , Kawase et al. reported the synthesis of Corynomicolic acids with symmetric or asymmetric structures of desired alkyl lengths while the natural Corynomicolic acids are known a mixture with a wide range of alkyl lengths. Moreover, as the stereoisomers of
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two hydrophilic COOH and OH groups, syn and anti isomers, can be easily separated using column chromatography, the effect of stereochemistry on their surfactant properties were also studied on the basis of surface pressurearea isotherms 7) . In this paper, we developed a novel synthesis of succinic acid type Gemini surfactant by the functional group interconversion of OH group of Corynomicolic acid to COOH group, and the effect of stereochemistry of two hydrophilic COOH groups on their surface tension properties were studied.
EXPERIMENTAL

1
All reagents and solvents were purchased from Wako Pure Chemical Industries. Ethyl acetoacetate, 1-bromo undecane and methanesulfonyl chloride were purified by distillation. Other reagents were used as received. Infrared spectra were recorded on a Nicolet Avator 370 DTGS FTIR spectrometer, the 1 H-NMR spectra were recorded on a Brucker AC-300 spectrometer. The mass spectra were taken on a JEOL Mstation JMS-700 mass spectrometer. Surface tension measurements were carried out on Shimadzu ST-1 surface tensiometer at 25 .
2
3 2 Ethyl acetoacetate (13.1 g, 100 mmol) was added dropwise to a dispersion of NaH (60% oil dispersion, 4.4 g, 110 mmol) in dry toluene (100 mL) under cooling by ice bath and stirring. After stirred for 30 min, dodecanoyl chloride (25.0 g, 110 mmol) was added dropwise over a period of 30 min and was stirred for 2 h. The ice bath was removed, and the mixture was then stirred for additional 4 h under reflux. At the end of the reaction, the mixture was poured on ice and neutralized with 1.0 M HCl. The separated organic layer was washed twice with water, dried over Na 2 SO 4 , concentrated to afford pale yellow oil residue. Without any purification, the residue was dissolved in methanol (40 mL). To this, CH 3 ONa (28% methanol solution, 17.6 g) was added and the mixture was stirred for 6 h at room temperature. After neutralization with conc. HCl and concentration, the residue was diluted with water and extracted with diethyl ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , concentrated to afford pale yellow oil residue. After distillation using glass tube oven (150 160 , 1 mmHg), recrystallization from hexane gave methyl 3-oxo-tetradecanoate ( ) (21.6 g, mp 28.4-29.2 , yield 84% To a fresh solution of CH 3 CH 2 ONa (55 mmol) in ethanol (100 mL) was added (12.8 g, 50 mmol) and stirred for 30 min at room temperature. To this mixture, 1-bromo undecane was added dropwise, and a catalytic amount of tetrabutylammonium iodide was also added. The mixture was stirred over night under reflux. The reaction mixture was neutralized with conc. HCl and concentrated in vacuum. The residue was diluted with water and extracted with diethyl ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , concentrated to afford oil residue. Distillation using glass tube oven (180 190 , 1 mmHg) gave ethyl 2-undecyl-3-oxo-tetradecanoate ( ) (12.6 g, yield 60% : Well-fined anhydrous ZnCl 2 (10 g, 73 mmol) was dissolved in ether (100 mL). This ethereal solution was added dropwise to a dispersion of NaBH 4 (4.54 g, 120 mmol) in ether (300 mL) and stirred for overnight at room temperature. Supernatant solution was added slowly to the ether solution (150 mL) of (5.0 g, 12 mmol) under cooling in ice bath and the mixture was stirred for 6 h. The mixture was poured on ice, neutralized with conc. HCl, and extracted with diethyl ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , concentrated, and subjected to silica column chromatography eluting with ethyl acetatehexane (1:8). Syn-isomer of ethyl 2-undecyl-3-hydroxytetradecanoate ( ) was isolated (3.4 g, 68% yield) together with a small amount of anti-isomer (0.06 g, 2%).
: Well-fined anhydrous ZnCl 2 (10 g, 73 mmol) was dissolved in ether (100 mL). To this ethereal solution was added (4.3 g, 10 mmol) and stirred for 30 min at room temperature. With cooling in ice bath, a dispersion of NaBH 4 (1.5 g, 40 mmol) in 1,2-dimethoxyethane (5 mL) was added in several portions, and the mixture was stirred for 3 h at room temperature. The mixture was treated similarly as described above, syn-isomer of was isolated (3.6 g, 84% yield).
5
5 To a mixture of (syn) (2.46 g, 6.0 mmol) and triethylamine (4.86 g, 48 mmol) in CH 2 Cl 2 (60 mL) was added dropwise methansulfonyl chloride (2.75 g, 24.0 mmol) under cooling in ice-salt bath, and was stirred for 1 h. 2 6 8 To a solution of (syn) (1.52 g, 3.0 mmol) in DMSO (30 mL) was added KCN (0.59 g, 9.0 mmol). A mixture was stirred for 8 h under heating at 90 . The mixture was poured on ice and extracted with ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to silica chromatography eluting with ethyl acetate -hexane (1:15) to obtain Eisomer of ethyl 2-undecyl-2-tetradecenoate (E) as colorless oil (0.73 g, 60% yield).
.74 (t, 1H, J=7.5 Hz, -C= -CH 2 -): IR (NaCl, cm -1 ): n 1712 (C=O) In the case of addition of 18-crown-6 (0.24 g, 0.9 mmol) to the initial solution, similar treatment gave the mixture of (E) (0.87 g, 72%) and a small amount of b-cyano ester (syn:anti=1:1, 0.22 g, 18%). Two isomers and was separated by silica chromatography eluting with ethyl acetate -hexane (1:10), but their stereochemistry was not determined.
: To a solution of (syn) (1.52 g, 3.0 mmol) in DMSO (30 mL) was added DMAP (1.83 g, 15.0 mmol). A mixture was stirred for 1 d under heating at 80 . After removal of DMSO under vacuum, a mixture was diluted with water and extracted with ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , and concentrated. The
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residue was subjected to silica chromatography eluting with ethyl acetate -hexane (1:30) to afford (E) as colorless oil (1.10 g, 90% yield).
In the case of (anti), similar elimination gave a mixture of three isomers, (E), (Z), and b-elimination product in 22%, 32% and 46%, respectively. 2 8 9 To a solution of (E) (1.22 g, 3.0 mmol) in DMSO (30 mL) was added KCN (0.59 g, 9.0 mmol) and 18-crown-6 (0.24 g, 0.9 mmol), and the mixture was stirred for 1 d under heating at 80 . After removal of DMSO under vacuum, a mixture was diluted with water and extracted with ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to silica chromatography eluting with ethyl acetate -hexane (1:15) to afford b-cyano ester (syn:anti=1:1, 0.51 g, 41%). As described above, two isomers and were separated by silica chromatography eluting with ethyl acetate -hexane (1:10).
9 7
: To a solution of (a:b=1:1, 0.66 g, 1.5 mmol) in a mixture of 1,2-dimethoxyethane (20 mL) and water (5 mL) was added 1M NaOH solution (6 mL) and 30% H 2 O 2 (2.7 mL), and the mixture was refluxed for 12 h under stirring. At the end of the reaction, the mixture was acidified to pH=1 with conc. HCl. After removal of 1,2-dimethoxyethane, a mixture was diluted with water and extracted with ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to silica chromatography eluting with ethyl acetate -hexane (1:2) to afford amide-carboxylic acid . By silica chromatography eluting with ethyl acetate -hexane (1:10), two isomers (0.36 g, 57%) and (0.13 g, 20%) were isolated.
: mp 66. 13 To a solution of (1.73 g, 3.8 mmol) in 1,4-dioxane (38 mL) was added 4M HCl (12 mL), and a mixture was stirred for 24 h under reflux. After removal of dioxane, a mixture was diluted with water and extracted with ether. Ether layer was washed twice with water, dried over Na 2 SO 4 , and concentrated. The residue was recrystallized from THF/ hexane to afford diacid (syn and anti mixture, 0.57 g, 33%). To separate syn and anti isomers of , the diacid was dissolved in acetic anhydride (13 mL) and heated at 60 for 3 h. After removal of acetic anhydride, the residue was extracted with ether, washed twice with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to silica chromatography eluting with ethyl acetate -hexane (1:20) to afford anhydride (syn) (0.25 g, 44%) and (anti) (0.14 g, 26%).
(syn): mp 36.5-37 
RESULTS AND DISCUSSION
Just like Gemini surfactants, Corynomicolic acids have both two hydrophobic alkyl groups and two hydrophilic groups (COOH and OH) on the adjacent carbon atoms [5] [6] [7] . Therefore, it is quite interesting to develop the functional group interconversion of OH of Corynomicolic acid to COOH because the target compounds, 2,3-dialkylsuccinic acids, are Gemini surfactants which are constructed of only carbon and hydrogen atoms except for hydrophilic COOH groups ( ). In addition, the stereoisomers of Corynomicolic acids, namely syn-and anti-isomers with respect to two hydrophilic COOH and OH groups, can be separated using column chromatography 6, 7) , and it is reasonably expected that stereoselective interconversion, if possible, would also afford the stereoisomers of those Gemini surfactants. In this work, undecyl group (R=C 11 H 23 ) was employed as hydrophobic ones, and stereoisomers are abbreviated as (syn) and (anti).
1 2 5
As shown in , ethyl 3-oxo-tetradecanoate was prepared as a precursor of Corynomicolic acid ethyl ester as described in the previous papers 6, 7) . As easily expected, was obtained by the reduction of . When NaBH 4 was employed as a reductant, the reaction proceeded smoothly to give almost quantitatively, but the ratio of stereoisomers (syn:anti) was 1:1, namely no-stereoselectively 6, 7) . Indeed those isomers can be separated by column chromatography, but in the case of large scale production stereoselective reduction would be preferable. Then, several reduction conditions were inspected. Nakata and Oishi reported that the various a-methyl-bketo esters were successively reduced with Zn(BH 4 8) . We also apply Zn(BH 4 ) 2 to the reduction of . Results were summarized in . As a result, syn-isomer, (syn), was predominantly obtained with a small amount of anti-isomer and overreduced byproducts. The latter by-products were attributable to the large excess use of Zn(BH 4 ) 2 , and so the lowering of the amount of reductant, reaction temperature and time increased the yield of (syn). Moreover, though Zn(BH 4 ) 2 was prepared and isolated as ethereal solution in Runs 2 and 3 according to the literature 8) , we modified the preparation process by adding 1,2-dimethoxyethane (DME) and the reduction was examined without isolation of reductant to afford (syn) in high stereoselectivity and yield. To the contrary, literature search could not provide the anti-selective reduction of b-keto esters except the anti-preferential reduction with KBH 4 9) , and therefore (anti) was prepared by the reduction with NaBH 4 and column separation.
By alkaline hydrolysis and the following acidification, (syn) and (anti) were converted to the corresponding synand anti-isomers of 2-undecyl-3-hydroxy-tetradecanoic acid in quantitative yields, respectively.
2
Next, we started the synthesis of 2,3-dialkylsuccinic acid, , from by the nucleophilic substitution of OH to CN. As OH group itself is not a good leaving group, OH of (syn) was first mesylated, , and reacted with NaCN or KCN in DMSO. Results were summarized in . Under catalyst-free condition, expected b-cyano-ester could not be obtained, but instead a,b-unsaturated ester was obtained in fair yields. It may be reasonably explained that only the elimination of methanesulfonic acid from mesylate proceeded under the action of cyanide as base because the mesylated carbon is secondary one and improper for S N 2 reaction condition. Interestingly, the obtained a,b-unsaturated ester had only E-structure. Though similar substitution reaction of (anti) was not examined, it is natural to assume that only the elimination would occur to afford a,b-unsaturated ester .
But, in the presence of catalytic amount of 18-crown-6, the reaction with KCN gave b-cyano-ester in small amounts as well as a,b-unsaturated ester . However, as considered below, would be obtained not by the substitution of MsO to CN, but by the Michael addition of cyanide to .
8 a b 9
As an evidence of the action of cyanide as base, mesylate was treated with N, N-dimethyl-4-aminopyridine (DMAP) in DMSO at 80 . As shown in , in the case of (syn), E-isomer of was selectively obtained in quite high yield, while (anti) gave a mixture of E-and Z-isomers of and b,g -unsaturated ester
. Furthermore, it should be noticed that the elimination reaction did not occur in THF.
As shown in , antiperiplanar conformation between H and mesylate group is necessary for E 2 elimination of methanesulfonic acid from to afford a,b-unsaturated ester . In the case of syn-isomer, this conformation would be unstable owing to the steric repulsion of two neighboring alkyl groups. However, the solvent DMSO is so polar that the hydrophobic alkyl groups would aggregate as possible and the resultant hydrophobic interaction between two alkyl groups would surpass the disadvantage of steric 
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repulsion, and only E-isomer of was obtained. Compared with this, in the case of anti-isomer, antiperiplanar conformation is possible but the hydrophobic interaction would be lost, and so the selectivity in elimination would be lowered to give a mixture.
3 4 a b 7 As described above, even though small amounts of bcyano-ester was successfully obtained on using 18-crown-6 and KCN, and we assumed that was obtained probably by the Michael addition of cyanide to . Thus, we examined the Michael addition of cyanide to (E) in order to raise the yield of . Results were summarized in . First, KCN was employed in various solvents, but without catalyst (E) was completely recovered. As widely accepted, the Michael addition is often accelerated by the addition of cuprous halides, and so CuCN was employed, but no reaction was observed because of quite low solubili-
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J. Oleo Sci. 56, (12) 633-644 (2007) ty of CuCN. However, on using KCN and 18-crown-6 as catalyst in DMSO, the expected was obtained in the improved yield of 41%. Based on the 1 H-NMR measurement, this was a mixture of syn and anti isomers of (1:1), and the upper and lower isomers in TLC with ethyl acetate -hexane (1:10) were labeled and , respectively. They were easily separated by column chromatography, but their absolute stereochemistry could not be determined.
5
7 Next, hydrolysis of cyanoester to dialkylsuccinic acid was examined under various conditions. As shown in , on refluxing in conc. HCl for 1 d, no hydrolyzed products were obtained as was insoluble into water. In the case of KOH ethanol-water solution, after 3 h refluxing only ester was hydrolyzed to afford cyanoacid quantitatively, and even prolonged refluxing (4 d) gave a small amount of amide acid as a mixture of syn and anti isomers (8%). Similarly, when hydrolysis was carried out under NaOH-H 2 O 2 in dimethoxyethane, the yields were fairly improved but a mixture of and was obtained irrespective of isolated , or their 1:1 mixture. According to the isomer ratio in 1 H-NMR measurements, was a predominant product. 
Scheme 5
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On the other hand, when cyanoesters , or their 1:1 mixture were treated with 75% H 2 SO 4 for 3 h at 150 , hydrolysis of both CN and COOEt proceeded successively and the subsequent dehydration gave acid anhydride derivative in fairly good yield (75%), and those acid anhydrides obtained from and were exactly the same on the basis of mixed melting point examination as well as IR, Mass, and 1 H-NMR spectra. It is noteworthy that only one isomer of acid hydride was selectively produced by the hydrolysis in 75% H 2 SO 4 .
6
14 The stereochemistry of obtained acid anhydride was determined by comparing 1 H-NMR spectra of with those of syn-and anti-2,3-dimethylsuccinic acid anhydrides.
The chemical shifts of methine protons (2-or 3-position) of syn-and anti-2,3-dimethylsuccinic acid anhydrides are reported d=3.20 and 2.73 10) , respectively, and that of was d=3.06. Furthermore, the mixture of diacids obtained by the hydrolysis from and was treated with acetic anhydride and a mixture of succinic anhydrides (syn and anti) was obtained in good yields. After isolation by column chromatography, 1 H-NMR measurements of two isomers showed two kinds of chemical shifts of methine protons at d=3.06 and 2.77. Therefore, it is reasonably concluded that acid anhydride obtained by the hydrolysis in 75% H 2 SO 4 has the anti stereochemistry, that is (anti). At the present, it is not clear why only anti isomer was obtained even from syn-cyanoester, (syn), but so far we presume the possible route as shown in . As shown in , 2,3-bis(undecyl)succinic acid (syn) and (anti) were easily prepared from (syn) and (anti), respectively, in good yields and selectively by the hydrolysis with aq. HCl.
7
11 It is widely accepted that Gemini surfactants are characterized by higher efficiency in decreasing the surface tension of water than the corresponding monomeric surfactants 1) . As 2,3-bis(undecyl)succinic acid has a structure of Gemini surfactant, surface tension measurements were carried out on 0.01 M KOH solution at 25 . Results of surface tension vs. concentration isotherms were summarized in together with those of tridecanoic acid, the corresponding monomeric acid, and 2-undecyl-3-hydroxy-
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tetradecanoic acid (Corynomicolic acid). Values of their cmc's and g cmc were also summarized in . As expected, potassium salt of Corynomicolic acid and , both of which have two hydrophobic alkyl groups, showed two orders of magnitude lower cmc than for tridecanoic acid, which indicates that is undoubtedly a Gemini surfactant and Corynomicolic acid is also effective in decreasing the surface tension of water.
With regard to the effect of stereochemistry of two hydrophilic groups on lowering the surface tension, it may be interesting that (syn) showed two breaking points in surface tension vs. concentration isotherms, while (anti) gave the common variation as expected. Variation in surface tension of (syn) was almost the same as that of (anti) until the 1st breaking point, but after that point surface tension gradually dropped and the 2nd point appeared. The exact meaning of those two breaking points is not clear, but we suspect now that the 1st breaking point listed in would be cmc. Very recently, Shankar and Patnaik reported the synthesis of (2R, 3R)-(+)-and (2S, 3S)-( )-bis(decyloxy)succinic acid and their sodium salt, the structures of which are quite similar to that of (anti) except the composition of hydrophobic group 11) . Interestingly, they observed the presence of two aggregation concentrations in the surface tension measurement of sodium salt, and they assigned the 1st concentration (0.05 10 -3 mol/L) to cmc and the 2nd concentration (0.14 10 -3 mol/L) to the critical vesicle concentration. The former value is close to the cmc of (anti) ( ), but (anti) showed only one breaking point even in the range to 1 10 -3 mol/L. It might be attributable to the difference of the composition of hydrophobic groups, namely, the existence of oxygen atom on bis(decyloxy)succinic acid. At the present, more discussion is difficult because they did not study about (2R,3S)-or (2S, 3R)-bis(decyloxy)succinic acids, the structures of which are similar to that of (syn). In the case of (syn), there appeared two breaking points. Observed behavior after the 1st breaking point might be explained in terms of hydrophobic interaction and electrostatic repulsion as follows: As shown in , in order to maximize the intramolecular interaction between two alkyl groups, those two alkyl groups should have eclipsed conformation at the surface ( ), but at the same time two COO -groups of (syn) are also eclipsed to maximize the electrostatic repulsion. Therefore, at the initial stage of adsorption, the electrostatic repulsion would compensate for the intramolecular interaction and the somewhat staggered conformation would be preferred, and at the 1st saturation a little higher g cmc than that of 
Scheme 7
(anti) was obtained. In contrast, in the case of (anti), eclipsed conformation would lead to the largest intrarmolecular interaction between two alkyl groups, the smallest electrostatic repulsion and the most closed packing. At the higher concentration of (syn), some of dissolved surfactants would adsorb further to water surface and the surface tension was lowered gradually, and at the 2nd saturation all adsorbed (syn) would align in eclipsed conformation.
As Shankar et al. did not synthesized (2R,3S)-or (2S,3R)-isomers, they could not discussed the effect of stereochemistry (D,L-and meso-, or anti and syn) on the surface properties. As we have succeeded in preparation of both isomers, to study the difference of conformations in adsorption and packing and the effect of stereochemistry, other measurements including surface pressure-area isotherms are now under investigation.
CONCLUSION
Novel synthetic route of 2,3-bis(undecyl)succinic acid, succinic acid type Gemini surfactant, from Corynomicolic acid was successfully established. This route consisted of (1) mesylation of OH of syn-isomer of Corynomicolic acid, (2) selective elimination of methanesulfonate group using base to E-a,b-unsaturated ester, (3) Michael addition of -CN to E-a,b-unsaturated ester in a presence of 18-crown-6 and (4) hydrolysis of resulting b-cyano ester. After converting to acid anhydrides, syn-and anti-anhydride isomers were separated by column chromatography, and syn-and anti-2,3-bis(undecyl)succinic acid was selectively prepared by hydrolysis.
Based on the surface tension measurement, both dipotasium salt of syn-and anti-2,3-bis(undecyl)succinic acid showed two orders of magnitude lower cmc's than for tridecanoic acid, which is the characteristic of Gemini surfactants. With respect to the effect of stereochemistry on surface tension isotherms, syn-2,3-bis(undecyl)succinic acid showed two breaking points in surface tension vs. concentration isotherms, which was explained in terms of the intramolecular interaction between two alkyl groups and the electrostatic repulsion between two hydrophilic COO -groups.
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